, and fish (reviewed in Ref. 8) . Given the obvious salience of the auditory courtship signals of male songbirds, it is not surprising that the bulk of research on the effects of social cues on gonadal development in birds has been conducted on female songbirds listening to male song. Such research confirms that song alone, presented to photostimulated females via audio playback over a period of weeks, is sufficient to enhance LH secretion, follicle growth, egg laying, or nestbuilding behavior in females of many species (9 -14) . Although this phenomenon has been well documented, its underlying neural mechanism is not well understood. More than 40 yr ago, Lehrman (15) and Hinde (16) were among the first to propose that courtship signals cause gonadal development by influencing the regulation of gonadotropin secretion, which is achieved primarily via the release of GnRH from the brain. An investigation of the effects of courtship signals on reproductive development should focus on brain mechanisms, including interactions between sensory centers and the neuroendocrine areas that govern GnRH release.
In the context of most previous research, in which laboratory-housed females were exposed on a daily basis to male vocalizations for a number of weeks, social signals could stimulate endocrine responses via two largely independent types of mechanisms. First, such stimulation constitutes a form of environmental enrichment and as such may have significant effects on brain function via slow-acting processes such as neurogenesis, synaptogenesis, and angiogenesis (reviewed in Refs. 17 and 18) . Acting via this route, song may alter neuroendocrine function slowly, perhaps by causing recruitment of new neurons into functional circuits, increases in dendritic branching, and alterations in receptor expression or function. These sorts of changes take place on a time scale of days to weeks, which is consistent with previously reported effects of song on hypothalamic-pituitary-gonadal (HPG) function in female songbirds (9 -14) . Second, social cues may act rapidly on existing cells and circuits, triggering the release of reproductive hormones within minutes. Such a mechanism would require no or minimal reorganization of neuronal circuits and would mean that the neuroendocrine response to social cues is similar to the behavioral (19) and auditory (20) responses, which happen rapidly. A rapid neuroendocrine response to social cues would likely resemble the neuroendocrine response to photic cues (long days), during which large amounts of GnRH are released from the brain in a short period of time.
In this study, we tested the hypothesis that hearing male song triggers the rapid release of GnRH. We played conspecific male song to laboratory-housed female white-throated sparrows and quantified the resulting changes in plasma LH as well as the expression of immediate early genes in areas of the brain known to be involved in the regulation of GnRH release. Birds have several forms of GnRH; the form that is released from the median eminence (ME) and involved in reproductive development is known as chicken GnRH-I (cGnRH-I) (21) . The cell bodies of cGnRH-I neurons, which synthesize and store the cGnRH-I to be released, are located primarily within the septo-preoptic area of the hypothalamus and send their axons ventrally to the ME where they secrete cGnRH-I into the portal vasculature. Just dorsal to the ME lies a region known as the infundibular nucleus (IN), which together with the ME and other ventral hypothalamic structures make up the mediobasal hypothalamus (MBH) (Fig. 1) . Several lines of evidence, primarily from studies of Japanese quail (Coturnix coturnix), implicate this region in the control of cGnRH-I release. For example, MBH lesions that spare the cGnRH-I fibers passing to the ME disrupt photoinduced gonadal development (22) , and electrical stimulation of the IN induces both LH secretion and gonadal growth (23, 24) . Transfer from short to long days results in striking up-regulation of the immediate early gene FOS in the MBH, along with an increase in plasma LH (25) . The minimum day length required for the induction of both LH secretion and FOS is identical (25) , and both are also induced by pharmacological activation of cGnRH-I release (26) . Neither photic nor pharmacological induction of cGnRH-I release is accompanied by immediate early gene induction in the cGnRH-I cell bodies themselves (26, 27) , suggesting that regulation of cGnRH-I secretion may be tightly governed by the MBH, near the terminals rather than by the cGnRH-I cells in the septo-preoptic area (reviewed in Ref. 28) .
If social signals enhance reproductive development in female songbirds by a mechanism similar to photostimulation, then exposure to song should elicit both a rapid rise in LH and induction of immediate early genes in the MBH. Because this response would occur as a result of auditory input, the MBH activity should correlate with activity in auditory centers. If, however, song enhances reproductive function entirely by slow-acting processes characteristic of environmental enrichment (17, 18) , then song playback need not have significant short-term effects on plasma LH or MBH activity.
Materials and Methods Animals
All procedures involving animals were approved by the Emory University Institutional Animal Care and Use Committee. Female whitethroated sparrows were collected in mist nets on the campus of Emory University in Atlanta, GA, during November 2005. Sex was confirmed by PCR analysis using a small blood sample (29) . In this species, birds less than about 6 months old can be identified by unossified patches of skull visible through the skin on the top of the head (30, 31) . All birds used in this study showed these unossified patches at the time of capture. They therefore had hatched during spring 2005 and had no breeding experience but were all adults at the time of testing. Birds were housed in the Emory animal care facility in walk-in flight cages and supplied with ad libitum food and water. The day length was kept constant at 10 h light, 14 h dark (10L:14D), which corresponds to the shortest day they would experience on their wintering grounds in Georgia. We held the birds under these conditions until February 2006 to ensure that photorefractoriness was broken (32, 33) .
Experiment 1: neuroendocrine responses to auditory stimuli
Birds were photostimulated by exposure to long days (16L:8D). Five weeks later, birds were transferred to individual cages (15 ϫ 15 ϫ 17 in.) inside walk-in sound-attenuated booths (Industrial Acoustics, Bronx, NY). They were housed four to six birds per sound-attenuated booth until the day before stimulus presentation, a period averaging 6 d, to acclimate them to the booths. All booths were identical and on the same photoperiod (16L:8D).
Auditory stimuli
The song stimuli and presentation protocol have been previously described (34) . Briefly, recordings of singing male white-throated sparrows were downloaded from the Borror Laboratory of Bioacoustics birdsong database and edited such that there was 15 sec of silence between songs. The resulting segments were spliced together to form stimulus presentations such that the song of a novel male began every 3 min. Each presentation contained the songs of 14 males and totaled 42 min in duration. For a representative song in each of the 14 recordings, the duration of the song from beginning to end and the total duration of sound contained in the song (with periods of silence subtracted; i.e. the duty cycle) were measured using Audacity 1.3.2 (Carnegie Mellon Computer Music Group, Pittsburgh, PA), and a tone sequence was generated consisting of 1-kHz tones. Within each tone sequence, tone bursts of equal duration were arranged such that the sequences matched individual songs in total duration, duty cycle, and number of onsets and offsets of sound. Tone sequences were spliced together as described above for the song stimuli, with 15 sec of silence between them.
Sound presentation and behavioral scoring. On the afternoon before stimulus presentation, each bird's cage was placed in an empty soundattenuated booth equipped with microphone, speaker, and video camera. Stimulus playbacks began 1 h after lights-on the following morning, via the speaker located inside the booth. All stimuli were delivered at a peak level of 70 decibels measured at the bird's cage. Each bird heard either male songs (n ϭ 8), tones (n ϭ 8), or silence (n ϭ 8). The stimulus presentation was followed by 18 min of silence.
Video and audio recordings were made of each bird for 60 min before, during, and for 18 min after the stimulus presentation (total 120 min). These recordings were later scored for copulation solicitation events (35) and other vocalizations, including song.
Exactly 60 min after the onset of the stimulus presentation, birds were deeply anesthetized with isoflurane (Abbott Laboratories, North Chicago, IL), and a blood sample was immediately collected from the FIG. 1. The MBH shown in coronal section. Egr-1-IR was quantified in two regions of the MBH, the IN and the ME. The IN in this study corresponded to the area of that name described by Meddle and Follett (25) and Meddle et al. (26) . Some authors have referred to an overlapping area as the IN-IH (49). v.III, Third ventricle. jugular vein into a StatSampler tube (Iris, Westwood, MA). The brains were rapidly harvested and fixed as previously described (34 -36) . Blood samples were centrifuged to isolate the plasma, which was harvested and stored at Ϫ20 C until LH assay (see below).
Experiment 2: rapid endocrine responses to hearing song
To test whether hearing song induces detectable LH release more rapidly than 60 min after stimulus onset, we performed a separate playback study on an additional set of females. Birds were photostimulated (16L:8D) for 5 wk and transferred to individual cages where they acclimated to the sound-attenuated booths for an additional 6 d. Playbacks were conducted as described above. To maximize statistical power, only two types of stimuli were presented: song (n ϭ 12) and silence (n ϭ 10). Fifteen minutes after the onset of the stimulus, the playback was ended, and a blood sample was taken from a wing vein. Samples were assayed for LH as described below.
Experiment 3: neuroendocrine responses to photostimulation
To compare the pattern of immediate early gene expression induced by song with that induced by photostimulation, 10 additional females were involved in a separate study as follows. Birds housed on short days (10L:14D) were transferred from flight cages (see above) to individual cages inside sound-attenuated booths. Two days after transfer, half of the birds (n ϭ 5) experienced a long day; the lights went off 6 h later than usual. The remaining birds (n ϭ 5) experienced lights-out at the normal time. Twenty-four hours after the last subjective dawn, blood samples and brains were collected as described for experiment 1.
Experiment 4: neuroendocrine responses to N-methyl-Daspartate (NMDA) treatment
To assess our ability to detect immediate early gene expression in the ME, additional birds (n ϭ 7) were injected sc with NMDA (20 mg/kg), which causes rapid LH release along with robust induction of immediate early genes in the IN and ME in this genus (26) . Another group of birds (n ϭ 6) was injected with saline as a control. Injections were performed on birds that had been photostimulated (16L:8D) for approximately 12 wk. Previous work has shown that NMDA injection induces LH release and expression of immediate early genes in sparrows at all stages of the reproductive cycle (26, 37 ; but see Ref. 38 ). Sixty minutes after injection, birds were rapidly decapitated under deep isoflurane anesthesia, and brains were collected as described above. We did not measure plasma LH in these birds; however, previous studies have shown a robust effect of this dose of NMDA on LH release in sparrows of this genus (26, 37) .
LH assay
LH was measured by a postprecipitation, double-antibody RIA using a homologous chicken LH RIA technique (39) that has been validated for songbirds (40) and has been used in this species (41) . The assay uses highly purified chicken LH for standard curves and for radioiodination. Goat antirabbit ␥ globulins were used as the secondary antibody. Further details of the LH assay are described by Wingfield et al. (42) . All samples collected for experiments 1, 2, and 3 were run in duplicate in a single assay, thereby eliminating between-assay variation. The withinassay variation was 12.3%. The data on plasma LH levels were squareroot transformed to normalize them.
Immunocytochemistry (ICC)
Brain tissue was processed for ICC as previously described (26, 34, 35) . Briefly, every second 50-m section was incubated with an antibody against Egr-1 (known in the songbird literature as ZENK; Santa Cruz Biotechnology, Santa Cruz, CA), which was subsequently labeled using a biotinylated secondary antibody and the ABC method (Vector Laboratories, Burlingame, CA). The specificity of this antibody has been established in songbirds (43) . Labeling was visualized using diaminobenzidine enhanced with nickel (26, 35, 44) . In experiments 1 and 4 (playback and NMDA injection), the brain sections were divided into a rostral set containing the preoptic area and a caudal set containing the ME. The rostral set underwent ICC to label Egr-1 immunoreactivity (IR) as above, followed by a second ICC to label cGnRH-I using an antiGnRH antibody (HU60) kindly donated by H. Urbanski. This antibody recognizes both cGnRH-I and -II (45) , but the population of cells we examined in this study, which is located in the septo-preoptic-infundibular region and projects to the ME, is known to contain only cGnRH-I (reviewed in Ref. 21) . Sections were incubated with anti-GnRH primary 1:5000 and subsequently labeled using a protocol identical to that used to label Egr-1, except that diaminobenzidine was used without the nickel enhancement. Double-labeled cells thus appeared as a purplish-black nucleus surrounded by reddish-brown cytoplasm. Sections from experiment 3, the caudal set of sections from experiment 1, and the caudal sets of six of the birds from experiment 4 (three NMDA-treated and three saline-treated) were single-labeled for Egr-1. Within experiments, staining was performed either in one run of ICC or two to three runs with treatment groups balanced across runs. All sections were mounted onto microscope slides and coverslipped in DPX.
Quantification of Egr-1-IR
Egr-1-IR in cGnRH-I neurons. cGnRH-I neurons of the septo-preopticinfundibular cGnRH-I system were inspected in every second 50-m section. This population begins as a cluster of cells ventral to the septomesencephalic tract and extends dorsocaudally, ending rostral to the paraventricular nucleus. The number of cGnRH-I neurons in this population that were also immunopositive for Egr-1 was counted and expressed as a percentage of the total number of cGnRH-I neurons counted.
Egr-1-IR in the MBH.
A Leica DFC480 camera attached to a Zeiss Axioskop microscope was used to photograph the MBH at 100-m intervals throughout its rostrocaudal extent (26) , which encompassed seven consecutive sections per brain. The ϫ10 objective was used to capture all images, which were approximately 4.4 megabytes. The light level on the microscope was set exactly the same for each picture. To quantify Egr-1-IR in the IN, Image J software (National Institutes of Health, Bethesda, MD) was used to place the largest circle that would fit (200 -275 m diameter) just dorsal to the ME and adjacent to the third ventricle (Fig.  1 (25, 49) . Egr-1-positive nuclei were counted within the circle on one side of the brain, chosen at random, in each section by a blind observer. Very pale cell nuclei were considered background and were not counted. Egr-1-positive cells were also counted throughout the extent of the ME (26) . To convert these counts to cells per unit area, the total number of cells per section was divided by the area of the region counted, either the area of the circle in the IN or the area of the ME as traced. (52) . Egr-1-IR was quantified in two consecutive sections 100 m apart on one side of the brain, chosen at random except when one side was damaged; in these cases, the intact side was chosen. Images were acquired using the ϫ10 (NCM) or the ϫ4 (MLd) objective. Egr-1-positive nuclei with an OD darker than a threshold value were counted by a blind observer as previously described (34, 35) . Because of variability in background staining among brains, the threshold was set manually for each image such that clusters of pixels highlighted by Image J agreed with what the observer considered to be labeled nuclei. For NCM, labeled cells were counted inside a 0.4-mm 2 square placed as close as possible to the midline, adjacent to the hippocampus (34) . MLd was traced in the three consecutive sections where it was largest and its borders most obvious with respect to the nucleus intercollicularis and surrounding tissue (34) . Consequently, the sections of MLd we chose to analyze were very similar with respect to surrounding landmarks.
Egr-1-IR in auditory regions

Statistical analysis
Data collected for experiment 1 (plasma hormone levels, number of GnRH-positive neurons, and number of Egr-1-positive cells in brain regions of interest) were entered into a single multivariate ANOVA with sound stimulus as a between-subjects factor. Post hoc Scheffé tests were subsequently used to make pairwise comparisons across treatment groups. In addition to being included in this analysis, plasma LH levels in experiment 1 were analyzed together with LH levels from experiment 2 in a two-way ANOVA with stimulus (song, tones, or silence) and time (15 or 60 min) as between-subjects factors. Post hoc Scheffé tests were used to test for effects of stimulus at each time point. The effects of photostimulation on plasma LH (experiment 3) and the effects of NMDA injection on Egr-1 induction in cGnRH-I neurons (experiment 4) were assessed using unpaired t tests. To describe the distribution of Egr-1 activation in the MBH in more detail, the IN and ME cell counts from experiments 1, 3, and 4 were entered into repeated-measures ANOVA with stimulus (experiment 1
Results
Behavior
It is well established that in ring doves, a female's own vocalizations can induce LH release (53) . To monitor vocalizations and other behaviors, we made audio and video recordings of each bird for 2 h, a period that included the stimulus presentation, before tissue collection. One bird in the silence group sang more than 100 times during the 120-min observation period and was subsequently excluded from the analysis. A second bird was excluded because the DVD recorder failed, and we therefore had no record of her behavior during the observation period. The remaining birds produced primarily vocalizations such as contact calls that were not aggressive or song-like in nature. No copulation solicitation display activity was noted; in captivity, plasma estradiol in females of this genus do not typically reach levels necessary to support this behavior (54) . There was no relation between vocal behavior and LH level or between vocal behavior and Egr-1 expression in any of our brain regions of interest.
Neuroendocrine effects of hearing song
A multivariate ANOVA that included the variables quantified in experiment 1 (plasma LH, number of GnRH-positive neurons, and Egr-1 expression in cGnRH-I neurons, the IN, ME, NCM, and MLd) revealed a significant overall main effect of sound stimulus (Wilks' F 12,28 ϭ 5.009; P Ͻ 0.0002). Differences among stimulus groups are reported below for each variable as appropriate.
LH. Hearing song induced a rise in LH (Fig. 2) that was detectable 60 min after the onset of a 42-min presentation of song playback (experiment 1) but not after 15 min of song playback (experiment 2). An ANOVA conducted only on data from experiment 1 showed a significant effect of stimulus (F 2,19 ϭ 3.928; P ϭ 0.0373). A two-way ANOVA conducted on combined data from experiments 1 and 2 revealed a significant interaction between stimulus and duration of playback (F 1,32 ϭ 7.750; P ϭ 0.0089) and nonsignificant trends toward main effects of these factors on LH (effect of stimulus, F 1,32 ϭ 3.728, P ϭ 0.0624; effect of stimulus duration, F 1,32 ϭ 2.823, P ϭ 0.1027). Post hoc Scheffé tests showed that birds hearing 42 min of song had higher LH than those hearing silence (P ϭ 0.0205). LH levels in birds that heard song were higher but statistically not different from in birds that heard tones (P ϭ 0.0752). There was no difference in plasma LH between birds hearing tones and those hearing silence (P ϭ 0.4759).
Expression of Egr-1 in cGnRH-I neurons.
To test for an effect of song on new transcription activity within cGnRH-I neurons, we quantified Egr-1 in the GnRH neurons of the septo-preoptic-infundibular cGnRH-I system. The number of GnRHpositive neurons was similar in all groups (means and sem were 289 Ϯ 25, 306 Ϯ 33, and 313 Ϯ 32 in the silence, song, and tones groups, respectively; ANOVA F 2,19 ϭ 0.155; P ϭ 0.8576). Many of the GnRH-positive cells expressed Egr-1-IR (Fig. 3A) , but this expression was unrelated to sound stimulus (Fig. 3B) . Birds hearing song, tones, and silence expressed similar levels of Egr-1 in the cGnRH-I neurons (P Ͼ 0.80 for all pairwise comparisons).
Expression of Egr-1 in the MBH.
In Experiment 1, birds hearing song had significantly higher numbers of Egr-1-positive cells in the IN than did birds hearing silence (P ϭ 0.0046) or tones (P ϭ 0.0072; Fig. 4 ). Egr-1-IR levels in the IN were similar in birds hearing silence and those hearing tones (P ϭ 0.7589). Song did not, however, induce Egr-1-IR within the ME ( Fig.  4 ; P Ͼ 0.30 for all pairwise comparisons). Egr-1 expression in the ME was, overall, very low in all groups.
Comparison with other LH releasers
To better understand the responses of the MBH to the sound stimuli, we compared these responses to those induced by two stimuli known to elicit LH release and immediate early gene expression in the MBH: photostimulation (experiment 3) and injection of NMDA (experiment 4). Photo-induced LH release was confirmed in experiment 3; birds exposed to one long day had higher LH levels (0.652 Ϯ 0.095 ng/ml) than those that remained on short days (0.186 Ϯ 0.102 ng/ml; P ϭ 0.0100). We plotted the numbers of Egr-1-pos-
Hearing song induced a rise in plasma LH that was detectable at 60 min after the onset of playback. Hearing 1-kHz tones did not significantly increase plasma LH over levels seen after hearing silence. Birds in the 15-min group heard only silence or song. *, Significantly different from silence, P ϭ 0.0205.
itive cells in the IN and ME for experiments 1, 3, and 4 to show Egr-1 induction as a function of rostrocaudal level through the MBH (Figs. 5 and 6 ) and performed repeatedmeasures ANOVA on these data for each experiment. As expected, there were significant main effects of treatment in the IN for all three experiments (effects of auditory stimulus type, F 2,19 ϭ 7.263, P ϭ 0.0045; effect of day length, F 1,8 ϭ 46.708, P ϭ 0.0001; effect of NMDA treatment, F 1,4 ϭ 42.511, P ϭ 0.0029). In the ME, there were significant main effects of day length (F 1,8 ϭ 18.039; P ϭ 0.0028) and NMDA treatment (F 1,4 ϭ 44.800; P ϭ 0.0026) but not auditory stimulus type (F 2,19 ϭ 0.278; P ϭ 0.7600). There were highly significant main effects of rostrocaudal distance through the MBH in both the IN and ME in all three experiments (IN: experiment 1, F 6,114 ϭ 5.415, P Ͻ 0.0001; experiment 3, F 6,48 ϭ 7.401, P Ͻ 0.0001; ME: experiment 1, F 6,114 ϭ 23.974, P Ͻ 0.0001; experiment 3, F 6,48 ϭ 4.372, P ϭ 0.0013; experiment 4, F 6,24 ϭ 6.464, P ϭ 0.0004), with the exception of a nonsignificant trend toward an effect of distance in the IN in experiment 4 (F 6,24 ϭ 0.382; P ϭ 0.1000). We were primarily interested in whether each treatment induced a different pattern of Egr-1 expression throughout the MBH, and we therefore looked for interactions between treatment and distance in each experiment. The only significant interaction was between distance and day length in the IN in experiment 3 (F 6,48 ϭ 4.450; P ϭ 0.0012). Otherwise, the effects of treatment did not depend on the rostrocaudal level of the MBH (IN: experiment 1, F 12,114 ϭ 1.477, P ϭ 0.1430; experiment 4, F 6,24 ϭ 0.382, P ϭ 0.8831; ME: experiment 1, F 12,114 ϭ 1.115, P ϭ 0.3549; experiment 3, F 6,48 ϭ 2.028, P ϭ 0.0801; experiment 4, F 6,24 ϭ 1.702, P ϭ 0.1638).
NMDA did not induce Egr-1 in GnRH neurons.
As was found for experiment 1, some cGnRH-I neurons expressed Egr-1, but this expression was unaffected by treatment (P ϭ 0.8679). This result is consistent with that reported by Meddle et al. (26) who found in the congeneric white-crowned sparrow that this dose of NMDA did not induce FOS expression in cGnRH-I neurons.
Egr-1 induction in the ME. In the ME, Egr-1-IR was not induced by hearing song, but it was induced by photostimulation and by NMDA treatment (Fig. 6 ). Labeled cells were found primarily in the internal zone (layers I-III) rather than the external zone (layers IV and V; see Ref. 45) . In all groups, the external zone including the palisade layer was virtually devoid of Egr-1-IR. Much of the stimulus-induced labeling in the internal zone did not appear to represent neuronal nuclei (e.g. in the example labeled NMDA in Fig. 6B ) but was nonetheless strongly induced by photostimulation and by NMDA treatment.
Auditory areas
In both NCM and MLd, each type of auditory stimulus induced levels of Egr-1 expression that were significantly different from that induced by each of the other two types of stimuli (Fig. 7) . Hearing song induced more Egr-1-IR in both regions than hearing silence (NCM, P ϭ 0.0002; MLd, P Ͻ 0.0001) or tones (NCM, P ϭ 0.0291; MLd, P ϭ 0.0068). Hearing tones induced more Egr-1-IR than hearing silence (NCM, P ϭ 0.0232; MLd, P ϭ 0.0265). Egr-1 expression was correlated in MLd and NCM (r ϭ 0.600, P ϭ 0.0025) and in each of these regions was correlated with expression in the IN (MLd, r ϭ 0.569, P ϭ 0.0049; NCM, r ϭ 0.503, P ϭ 0.0159). These correlations were expected, because the expression in each of these regions was significantly affected by stimulus (Figs. 4 and 7) . To explore the nature of auditory influences on the IN response to sound, we assessed the relative contributions of each auditory region to activity in the IN using a stepwise regression with Egr-1 expression in the IN as the dependent variable and expression in the two auditory regions as potential explanatory independent variables. This procedure automatically constructs a model, using one or more of the independent variables, that best explains variability in the dependent variable, in this case, Egr-1 expression in the IN. According to the resulting model, Egr-1-IR in the IN was significantly predicted by that in MLd (F ϭ 9.572; P ϭ 0.0057). The predictive power of the model was not increased by the addition of Egr-1-IR in NCM, meaning that expression in the IN was better predicted by expression in MLd alone than by expression in NCM alone or in both MLd and NCM. Thus, song-induced transcription activity in the IN may be more closely related to the activity in MLd, an auditory center in the midbrain, than in NCM, an auditory center in the forebrain.
Discussion
This study provides significant new insight into the progonadal effects of conspecific courtship signals, a long-studied phenomenon described more than 40 yr ago by Lehrman (15) and Hinde (16) . First, we show that the endocrine response to auditory courtship signals is rapid. All other studies on awake female birds involved measuring reproductive function after exposure to male vocalizations over periods of weeks rather than minutes (9 -14) . Here, 42 min of song produced a significant rise in LH. Second, we describe the concomitant neural response in the septo-preoptic-infundibular cGnRH-I system and MBH, which govern HPG function, and show how this response may be related to the response in auditory centers. This study thus lays the groundwork for studying the brain mechanisms underlying neuroendocrine responses to sensory cues, particularly social signals, in a well-established endocrine model.
Introducing novel or complex sensory stimuli to animals in a laboratory setting has the effect of enriching the environment, which over time can have profound effects on neural development and function. Such effects include neurogenesis, increases in dendritic branching, changes in synaptic proteins, receptors, and neurotrophins, cortical reorganization, enhancements in learning and memory, angiogenesis, and even significant increases in brain size (reviewed in Refs. 17 and 18). It would not be surprising if Hinde's female canaries listening to male song (11, 16) experienced many of these changes, which may have led directly to the enhancement of ovarian function. If such changes could completely explain the effects of social signals on the HPG axis, however, we would not expect to see rapid release of hormones and activation of the MBH in response to the first songs of the breeding season. Processes such as the creation of new blood vessels and incorporation of new neurons into functional circuits take longer than 60 min. Our data show that the mechanism underlying song-induced enhancement of reproductive function may more closely resemble the process of photostimulation, during which cGnRH-I is released rapidly into the portal vasculature upon perception of the relevant cue. In this study, the effects of song on LH release were rapid, but not immediate. Hearing song for 15 min failed to increase LH above control levels (Fig. 2) . We expected to see a significant effect at this time point because in female ring doves (Streptopelia risoria), presentation of male or female nest coo vocalizations increases LH within 10 min (55) . In that study, vocalizations were presented to females under urethane anesthesia, which was required to withdraw blood directly from the pituitary vasculature. It is unclear whether the LH rise could have been detected as quickly using more traditional blood collection techniques. Rapid endocrine responses to social cues have also been demonstrated in freeliving male song sparrows (56) , which show a rise in both LH and testosterone by 10 min after the onset of a simulated territorial intrusion by a conspecific male. The endocrine effects, however, depended on the presence of a visual stimulus (a live decoy) in addition to song playback and were not elicited by auditory stimuli alone. Even 4.5 h of playback to laboratory-housed males did not significantly affect hormone levels, which together with our results suggests that the endocrine response to auditory social signals may involve processes more complex than neuronal firing alone.
A time course longer than 15 min but shorter than 60 min may suggest involvement of new gene transcription and protein synthesis, which we investigated by quantifying the expression of the immediate early gene Egr-1 (known in the songbird literature as ZENK). We found that despite significant song-induced LH release, hearing song did not increase the expression of Egr-1 in cGnRH-I neurons (Fig. 3) . The lack of an effect of song on immediate early gene expression in the cGnRH-I system during LH release is consistent with reports of similar insensitivity during LH release in other species. Previous studies have shown that after photostimulation (25) or NMDA treatment (26) , despite massive LH and presumably cGnRH-I release, cGnRH-I cell bodies do not express FOS protein. Such a result is difficult to interpret, however, because cGnRH-I neurons may never express FOS at all. We show here that they do express Egr-1 (Fig. 3) but that neither FIG. 7 . Hearing song significantly increased Egr-1-IR in two regions of the auditory system, the NCM and the avian homolog of the inferior colliculus, the MLd. Hearing tones induced Egr-1-IR at a level intermediate between hearing song and hearing silence. *, Significantly different from both silence and song, P Ͻ 0.03; **, significantly different from both silence and tones, P Ͻ 0.03.
FIG. 6.
Comparison of Egr-1 induction in the ME by auditory stimuli (experiment 1), photostimulation (experiment 3), and NMDA treatment (experiment 4). A, Egr-1-IR is shown as a function of rostrocaudal level of the MBH. Expression of Egr-1 in the ME of control animals was low in all groups; the relatively higher levels in the saline group of experiment 4 could have been related to a longer duration of photostimulation (12 vs. 6 wk in experiment 1) or to being processed in different runs of ICC. *, Significantly different from the control group, P Ͻ 0.05. B, Photomicrographs of Egr-1-IR in the ME in this study. Egr-1-IR was noted in the internal zone but not the external zone of the ME (46) . Some staining seen outside the ME along its ventral aspect (visible only in the leftmost panel) was present in all animals and not counted.
song nor NMDA treatment affects this expression within 60 min. Many authors have suggested that rather than induce the synthesis of new cGnRH-I, photostimulation and NMDA treatment induce cGnRH-I release by having effects at the cGnRH-I terminals (25, 26, 28, 57) .
The control of cGnRH-I release from the terminals in the ME is thought to involve cells in the IN (22-26) . Photo-and NMDA-induced cGnRH-I release are accompanied by striking activation of immediate early gene expression in this region (25, 26, 47) . In this study, hearing song induced expression of Egr-1 in the IN that was significantly greater than the response to synthetic tones or silence (Fig. 4) . Because this activation of new gene transcription occurred together with an increase in LH, we hypothesize that it is related to the release of cGnRH-I and could represent transcription common to both photoinduced and socially induced endocrine changes. Qualitative comparison of song-induced IN activation with that induced by photostimulation or NMDA treatment suggested that these responses are likely not identical. Although the Egr-1 response to song was significantly higher than the response to control stimuli, its magnitude above control levels was much lower than were the photo-or NMDA-induced responses (Fig. 5A) . The distribution of Egr-1-IR may have also been slightly different; the response to photostimulation was greater in the caudal portion of the IN than in the rostral portion, whereas the response to song was uniform throughout the extent of the IN (Fig. 5A) . It is possible therefore that song activates gene transcription in a unique population of IN cells.
Whereas song induced a significant Egr-1 response in the IN, there was no effect on the response in the ME (Fig. 4) . Egr-1-IR was very low throughout the ME in experiment 1 (Fig. 6) . We are confident in our ability to detect Egr-1 in the ME, however, because both photostimulation and NMDA treatment induced significant Egr-1 expression in this region (Fig. 6) . The responses to the latter stimuli are consistent with reports of photo-and NMDA-induced FOS expression in the ME in quail and white-crowned sparrows (25, 26, 47) . This FOS expression is colocalized with glia-specific markers and is therefore thought to represent glial activation that in turn affects cGnRH-I terminals in the ME (25, 47) . The Egr-1 expression we observed in the ME, which is strongly induced by both photostimulation and NMDA treatment (Fig. 6) , is mostly likely also glial in nature. First, in an exhaustive anatomical study of the ME in the white-crowned sparrow, a congener of the white-throated sparrow, Oksche and Farner (46) reported that neuron somata were never found even in layers of the ME that contain an occasional neuron soma in other avian species, such as mallards (Anas platyrhynchos) (58) . Second, although Egr-1 induction occurs primarily in neurons (59), it has been described in glia as well (60) . The Egr-1 expression we describe in the ME is more likely to represent activation of astrocytes (25) or tanycytes (48, 61) and may be related to the retraction of glial end-feet processes that, during short-day conditions, prevent contact between cGnRH-I terminals and the portal vasculature and block cGnRH-I release (57) . It is possible that the lack of song-induced Egr-1 expression in the ME in this study reflects the fact that the birds were already photostimulated, and the glial end-feet therefore already retracted. Future experiments should make use of glial markers to characterize further the Egr-1-positive cells in the ME.
Because transcription activity in the MBH was brought on by an auditory stimulus, we also characterized sound-induced Egr-1-IR at two levels of the auditory system: a midbrain processing center homologous to the inferior colliculus and a forebrain center analogous to auditory cortex. We found that the level of Egr-1 expression in these regions was directly related to the presumed behavioral relevance of the stimulus (Fig. 7) , which is consistent with previous studies in this and other species (e.g. Refs. 20, 34, and 35). Across treatment groups, auditory activation in both regions was correlated with expression in the IN. The correlations alone, however, do not give much information regarding possible neural connections between auditory centers and the hypothalamus, because both regions could be activated independently by song. Direct connections have not been described in songbirds but are likely to exist. In ring doves, the auditory thalamus may project directly to hypothalamic regions such as the preoptic area and the ventromedial nucleus (62) , which lies just dorsal to the IN in the MBH. Playbacks of nest-coos elicit selective firing from neurons in these regions (55) . A projection from the auditory thalamus to the endocrine hypothalamus may be common to many vertebrates, because it is also present in some amphibians (63) .
To investigate the possibility of a similar connection in songbirds, we tested whether Egr-1 expression in the IN was better predicted by the expression in MLd, which is a direct source of input to the auditory thalamus, or by NCM, which is upstream, removed by one or more synapses, and involved in higher order forebrain processing. We hypothesized that if auditory responses in the IN originate from a direct projection from the thalamus, they would be better predicted by activity in MLd than in NCM. Our analysis supported this hypothesis. We are not suggesting, however, that the endocrine response to auditory social signals arises entirely from ascending rather than descending input. Across taxa, the auditory midbrain is known to receive descending inputs (64, 65) , and forebrain activity modulates the response properties of auditory midbrain neurons (66 -68) . MLd most likely integrates ascending auditory input with descending input from the forebrain to impart selectivity to its targets, which include the auditory thalamus and, possibly indirectly, hypothalamic areas. Auditory-hypothalamic projections, if they exist in songbirds, could help explain songinduced enhancements of reproductive behavior and function and form the basis for testable hypotheses concerning interactions between sensory and endocrine systems.
The response to song consists of at least three components: a behavioral response characterized by copulation solicitation displays (19) , an auditory response characterized by increased firing and gene transcription in auditory centers (20) , and an endocrine response (9 -14) . In this study, we looked at all three. Some authors have speculated that each of these components is under separate control; in other words, the neural filters that govern these responses may operate via different mechanisms (4, 9) . For example, the behavioral and endocrine responses to simulated territorial intrusion in male song sparrows are dissociable (56) , as are the behavioral and endocrine responses to hearing song in female canaries and white-crowned sparrows (reviewed in Ref. 4 ). The present study provides further evidence that auditory and endocrine responses do not depend on the behavioral response, because the former were robust despite a complete lack of the latter. This lack of display behavior was likely related to low plasma estradiol, which in captivity does not reach levels required to support this behavior (54) . Our data show that performing the behavioral response does not cause the auditory and endocrine responses, which may be closely related to each other.
In addition to promoting the behavioral response to song, estradiol levels may affect the selectivity of the auditory and endocrine responses. We previously showed that although estradiol-treated females showed more Egr-1 induction in NCM and MLd in response to song than control sounds (tones), in untreated short-day females, the responses to these stimuli were indistinguishable (34) . If the endocrine response is related to the auditory response, as our data suggest, then the endocrine response may not be specific to conspecific song under conditions of low estradiol. In this study, although the Egr-1 response in the IN was highly selective for song vs. tones, the LH response to song was not significantly different from the response to tones (P ϭ 0.0752). The lack of a significant difference most likely reflects an issue of sample size but nonetheless implies that there was some response to sound in general. Nonspecific responses to sound could be related to low estradiol level or a state of incomplete or slow gonadal development. Bentley et al. (9) held female canaries on a photoperiod of 11L:13D, which stimulates slower than normal gonadal development, and exposed them to conspecific song, heterospecific song, or silence. Although the females listening to conspecific song laid more eggs and laid them sooner than those listening to heterospecific song, the difference in follicle size between the two groups was, although compelling, not statistically significant. It is important to note that the birds listening to heterospecific song in the canary study had larger ovarian follicles and laid more eggs than birds hearing silence. It would not be surprising if heterospecific song normally affects ovarian development, because the songs of sympatric species may in some cases help signal optimal breeding conditions. Future studies should explore the functional distinction between heterospecific song and other 'control' sounds, such as the synthetic tones used here.
Conclusions
In this study, we have shown in a female songbird that the MBH and gonadotrophs can respond within 60 min to the sound of male courtship song. The time course of the LH response and the anatomical distribution of Egr-1 induction suggest that song acts as a trigger to initiate rapid release of cGnRH-I and that the well-documented ovarian effects of hearing song may not depend on slow-acting processes that involve structural remodeling of the brain. It is important to note that our data do not rule out a role for slow processes in song-induced enhancement of ovarian function and that such processes are likely to contribute toward the long-term effects of hearing song on a day-to-day basis. Future studies should focus on the connections between auditory centers and the regions of the hypothalamus implicated in songinduced cGnRH-I release.
